Objectives. Genome-wide association studies and candidate gene studies have found many single nucleotide polymorphisms (SNPs) that affect salt sensitivity (SS). We constructed a polygenic risk score (PRS) to estimate the joint effect of these SNPs on SS. Methods. We recruited 762 Chinese participants into the study. An unweighted PRS was constructed using 42 known genetic risk variants associated with SS or salt sensitivity blood pressure. A modified Sullivan's acute oral saline load and diuresis shrinkage test was used to detect salt sensitivity. Logistic regression was used to estimate the joint effect of the SNPs on SS both overall and after stratification by hypertension. Results. e mean age of the participants was 57.1 years, and most of them were female (77.4%). e prevalence of SS was 28.7%. Both the continuous PRS and PRS tertiles were significantly associated with the risk of SS and a BP increase of more than 5 mmHg during acute salt loading but were not associated with a BP decrease of more than 10 mmHg during the diuresis shrinkage process. In the normotensive group, participants with PRSs in the middle and top tertiles had a more than twofold increased risk of SS (OR = 2.18, 95% CI: 1.15-4.12, P � 0.016, and OR = 2.28, 95% CI: 1.19-4.38, P � 0.013, respectively) compared with participants with PRSs in the first tertile. In the normotensive group, participants with PRSs in the middle tertile (OR = 1.94, 95% CI: 1.01-3.71, P � 0.046) and top tertile (OR = 2.30, 95% CI: 1.19-4.44, P � 0.013) had an increased risk of a greater than 5 mmHg increase in BP during acute salt loading than those with PRSs in the first tertile. In the hypertension group, neither the continuous PRS nor PRS tertile was significantly associated with the risk of SS. Conclusion. e 42 investigated SNPs were jointly and significantly associated with SS, especially in the normotensive Chinese population. ese findings may provide genetic evidence for identifying target populations that would benefit from salt restriction policies.
Introduction
Salt sensitivity of blood pressure (SSBP) is characterized as individual heterogeneity of the blood pressure (BP) response to salt intake. Abundant evidence has indicated a causal relationship between salt intake and the risks of hypertension and cardiovascular complications [1, 2] .
Previous studies have identified various single nucleotide polymorphisms (SNPs) underlying salt sensitivity (SS) [3] . A large family-based and dietary-feeding study found that polymorphisms of the FAM84A and VSNL1 genes were associated with SSBP [4] . Genome-wide association studies (GWAS) and candidate gene studies found evidence of an association between genes of other pathways, including a polymorphism of ENaC subunits in ion and water channels [5] , an NAD(P)H oxidase p22phox gene C242T polymorphism in the endothelial system [6] , a beta-2 adrenergic receptor diplotype in the sympathetic nervous system [7] , and SSBP. In these previous studies, each SNP only contributed a minor effect on the blood pressure response in salt loading/depletion, and the results were inconsistent. We hypothesize that the joint association of several BP genes of different pathways on SS is stronger than that of individual genetic variants. A polygenic risk score (PRS) indicates the likelihood of an outcome developing due to a person's genome and can reflect a general genetic susceptibility of a certain disease [8] . To date, evidence regarding the association between the PRS and salt sensitivity remains limited, and the results are inconsistent (see below).
e GenSalt study [7] investigated the association between a PRS based on multiple BP or SSBP susceptibility SNPs and the BP response in chronic salt loading/depletion.
is study found an inverse relationship between the PRS and SSBP. Another validation study of candidate genes showed a positive relationship between the PRS and salt sensitivity hypertension with a relatively small sample size [9] . It is known that the blood pressure response to chronic and acute salt loading involves different mechanisms. Acute (but not chronic) sodium loading may have deleterious microvascular effects by hydrostatic, hypertonic, or direct effects of sodium on the endothelium [10] . e purpose of this study was to estimate the association between a multilocus PRS and salt sensitivity. Knowing the genetic variants jointly associated with SS could help to identify populations that would benefit from salt restriction, which could promote the practice of precision medicine. Moreover, incorporating SS genetic risk information into clinical practice may refine risk estimates and aid in the prevention of SSrelated diseases, such as hypertension and cardiovascular disease.
Methods

Study Population and Data Collection.
e study was conducted in 7 communities from July to August 2015 in Liao Ning Province. Participant's inclusion criteria were as follows: (1) unrelated Chinese Han residents who had been living in place of residence for more than 5 years; (2) 35-70 years old; (3) early essential hypertension diagnosed by a secondary or tertiary hospital according to the 2010 Chinese Hypertension Guidelines (160 mmHg > SBP ≥ 140 mmHg) and (or) 100 mmHg > DBP ≥ 90 mmHg); and (4) not taking antihypertension medicine for at least 24 hours before attending our survey. e exclusion criteria were as follows: (1) patients with severe hypertension (SBP > 160 mmHg and (or) DBP > 100 mmHg); (2) participants with cardiac insufficiency, cardiomyopathy, valvulopathy, congenital heart disease, myocardial infarction, stroke, type 2 diabetes mellitus, hepatopathy, nephropathy, or cancer; (3) pregnant or breastfeeding women; and (4) participants with a low sodium diet for more than 1 year. Our protocol was approved by the Ethics Committee of Capital Medical University. Written informed consent was obtained from all participants. A total of 762 hypertension patients were recruited.
A questionnaire was used to collect demographic characteristics (birthday, sex, etc.), lifestyle risk factors (cigarette smoking, etc.), medical history of chronic disease, and medication history. Interviewers were trained in a standardized way to perform face-to-face interviews with the questionnaire. Smoking was defined as at least 1 cigarette per day for more than 1 year. ose participants who had quit smoking for at least 3 months were defined as past smoking. Mercury sphygmomanometers were used to measure blood pressure. Participants who had just smoked, exercised, or drank coffee were asked to rest for at least 30 minutes before the measurement. Two technicians were trained in BP measurement following the recommendations of the American Heart Association, and they measured the blood pressure of all the participants in this study. Mean arterial pressure (MAP) was used to represent blood pressure. MAP was calculated according to the standard formula: MAP � (SBP + 2 × DBP)/3. Each patient was asked to collect a 24-hour urine sample. After the first urine at 6 : 00 AM, participants were asked to collect all urine from then on until the next day at 6 : 00 AM. One milliliter of urine was derived from the 24-hour urine to measure the concentration of Na + . Hypertensive patients were defined as those with SBP ≥ 140 mmHg or DBP ≥ 90 mmHg at the baseline measurement of the survey or participants who had been diagnosed with hypertension in the hospital and regularly took antihypertensive medicine. Diabetic patients were defined as participants with fasting glucose ≥7.0 mmol/L on the survey or who had been diagnosed with diabetes in the hospital and regularly took hypoglycemic drugs. Dyslipidemia was defined by meeting at least one of the following criteria: total cholesterol concentration more than 5.2 mmol/L, triglyceride concentration more than 1.7 mmol/L, low-density lipoprotein cholesterol concentration more than 3.4 mmol/L, or high-density lipoprotein cholesterol less than 1.0 mmol/L.
Assessment of Salt Sensitivity.
A modified Sullivan's method, which has been previously used in a Chinese population, was used to assess salt sensitivity [11, 12] ; refer our previously published paper for more details [13] . Fasting participants were asked to orally intake 1000 ml 0.9% NaCl followed by 40 mg furosemide orally within 30 minutes at 8 : 00 AM. Blood pressure was again measured 2 hours later. An MAP increase of more than 5 mmHg after oral salt loading or an MAP reduction of more than 10 mmHg after the diuresis shrinkage process was considered salt sensitivity [14] .
SNP Selection.
We selected 42 recently identified SS susceptibility loci from published GWAS or candidate gene papers before April 2016. Five susceptibility loci associated with salt-sensitive blood pressure identified in genome-wide linkage scans and GWAS in the Chinese Han population were included [4, 15] , and the other 37 loci were from several pathways: 4 SNPs in the RAAS system, 1 SNP in the Kallikrein-Kinin system, 15 SNPs in the ion channel system, 2 SNPs in the apelin system, 7 SNPs in the endothelial system, 3 SNPs in the intracellular messenger system, 2 SNPs in the sympathetic nervous system, and 3 SNPs in undefined pathways (see Supplementary Table S1 ).
SNP Genotyping.
Fasting venous blood was collected in 5 ml EDTA tubes, and genomic DNA was isolated with a QIAamp DNA Blood Mini Kit (Tiangen Inc., Hilden, Germany). Genotyping was performed with the Sequenom MassARRAY iPLEX platform (Sequenom, Inc. San Diego, CA, USA). A successful genotyping rate of over 90% was achieved for all 42 SNPs. All samples had an OD260/OD280 value between 1.7 and 2.0, which indicates a DNA concentration over 10 ng/μl. All SNPs in this report had a genotyping success rate of >95%. All SNPs in our study were in Hardy-Weinberg equilibrium (HWE) in the controls (P > 0.05).
Statistical Analyses.
Normally distributed continuous variables are reported as the mean ± standard deviation (SD), and nonnormally distributed continuous variables are reported as the median ± quintiles. Student's t-test was used to examine the difference between two groups of continuous variables. e PRS was calculated by summing the number of risk alleles at each polymorphic locus. e PRS was examined both as a continuous variable and as a categorical variable categorized by PRS tertile to ensure the reliability of the results. Participants with missing genotypes (15 controls and 8 cases) were excluded from the polygenic risk score calculation. Unconditional logistic regression was used to estimate the PRS effect size after adjusting for traditional risk factors, including age, sex, smoking, BMI, dyslipidemia, and history of diabetes. All analyses were conducted in IBM SPSS Statistics 19.0 software (SPSS, Chicago, IL, USA). A twosided P value < 0.05 was considered statistically significant. Table 1 shows the characteristics of the participants by salt sensitivity status. Current smokers and hypertension patients were more likely to develop salt sensitivity. e proportion of hypertension was 35.4% in salt sensitivity cases and 26.8% in salt resistance people (P � 0.043). e proportions of subjects who were current smokers were 18.3% and 12.2% in salt sensitivity cases and controls, respectively (P � 0.015). SBP, DBP, and MAP were significantly higher in the salt-resistant group than in the salt-sensitive group (P � 0.014, P � 0.008, and P � 0.006, respectively).
Results
Characteristics of the Study Population.
Genetic Effects on Salt Sensitivity Risk.
e joint effect of the 42 SNPs on salt sensitivity was evaluated. We calculated an unweighted PRS by summing the numbers of risk alleles.
e PRS was significantly associated with the risk of salt sensitivity, and the association was robust to the adjustment for potential confounders (full adjustment: per-unit OR � 1.083, 95% CI, 1.037-1.132, P < 0.001). e second PRS tertile (full adjustment: OR � 1.73, 95% CI, 1.10-2.72, P � 0.019) and third PRS tertile (OR � 1.96, 95% CI, 1.23-3.11, P � 0.004; Table 2 ) were associated with an increased risk of salt sensitivity compared with the first PRS tertile.
After stratification by hypertension, the PRS was significantly associated with salt sensitivity in the normotensive population, and this association was robust to adjustment for potential confounders. Compared with the participants with PRSs in the first tertile, participants with PRSs in the second tertile (OR � 2.18, 95% CI, 1.15-4.12, P � 0.016) and third tertile (OR � 2.28, 95% CI, 1.19-4.38, P � 0.013; Table 2 ) had an increased risk of salt sensitivity in the normotensive population after adjusting for traditional risk factors. However, the association between the PRS and salt sensitivity was not significant in the hypertension group. In the combined sample, both the PRS and PRS tertiles were significantly associated with a BP increase of more than 5 mmHg during acute salt loading but were not associated with a BP reduction of more than 10 mmHg during the diuresis shrinkage process. In the full adjustment model, the PRS was associated with a 9.1% increased risk of a BP increase of more than 5 mmHg during acute salt loading (OR � 1.09, 95% CI, 1.04-1.14, P < 0.001; Table 3 ). e second and third tertiles of PRS increased the risk of a BP increase >5 mmHg during acute salt loading by 75.4% and 101%, respectively (OR � 1.75, P � 0.018; OR � 2.01, P � 0.004; Table 3 ).
In the normotensive group, the PRS was significantly associated with a BP increase of more than 5 mmHg during acute salt loading after adjustment for potential confounders (OR � 1.15, 95% CI, 1.05-1.19, P � 0.001). In the process of acute salt loading, participants with PRSs in the second tertile (OR � 1.94, 95% CI, 1.01-3.71, P � 0.046) and third tertile (OR � 2.30, 95% CI, 1.19-4.44, P � 0.013; Table 3 ) had an increased risk of salt sensitivity compared with those with PRSs in the first tertile. In the hypertension group, neither the PRS nor the PRS tertile was significantly associated with BP response to salt loading or diuresis shrinkage.
Traditional Risk Factors of Salt Sensitivity.
In the combined sample, smoking was significantly associated with saltsensitive hypertension (OR � 2.24, 95% CI, 1.03-4.88, P � 0.042). After stratification by hypertension, the association of smoking with SS was attenuated. e PRS was significantly associated with SS only in the normotensive group. e second and third tertiles of PRS increased the risk of SS by 1.18-fold and 1.28-fold, respectively; details are shown in Table 4 .
Discussion
Our study is one of the few to investigate the joint effect of BP loci on salt sensitivity, which could provide evidence of a high-risk population when implementing salt restriction strategies. We examined 42 SNPs from susceptibility loci for SSBP or SSH. We constructed a PRS using the 42 SNPs to evaluate the joint effect of these SNPs on salt sensitivity. e PRS was found to be significantly associated with SS for the general population and normotensive people but not for hypertensive patients. For the general population and normotensive people, the PRS also showed a significant association with MAP increases of more than 5 mmHg in the process of acute salt loading. e results were robust to the PRS being analyzed as a continuous variable or categorical tertiles.
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Our study demonstrated that the effect of the PRS on BP response varies between hypertension and normotensive people. Our findings were consistent with those reported by Weinberger and Fineberg [16] , who demonstrated that baseline blood pressure could impact the change in MAP after sodium and volume depletion. e GenSalt group also found that elevated baseline BP levels increased BP responses to dietary sodium intervention [17] . Given that high BP can affect BP responses to sodium loading and that most of the SNPs selected in the current study are associated with the physiological mechanism of hypertension, it is possible that hypertension is a potential confounder in examining the relationship between the PRS and SS. We therefore stratified our population into hypertension and normotensive groups to investigate the effect of the PRS on SS. e association between the PRS and salt sensitivity varied between the hypertension and normotensive populations. e PRS was associated with salt sensitivity in the normotensive population but not in the hypertensive population. Two studies that investigated the joint genetic effect on salt sensitivity had different results from ours. Liu et al. [13] found five SNPs associated with salt sensitivity hypertension, and the five SNPs jointly increased the risk of SS for the hypertension population. However, this study did not use external data to replicate the findings. Evaluating the effect of the PRS on SS in the initial discovery population may have inflated the effect size and led to false-positive results. e results of the GenSalt study [7] were also inconsistent with ours. e GenSalt study found an inverse relationship between the PRS and SSBP. An increased PRS quartile conferred a lower 4 International Journal of Hypertension SBP to both the low-sodium and high-sodium intervention groups, which could not be fully explained. ere are several differences between the current study and the GenSalt study, which might explain the discordant results. First, the GenSalt study was a family study, including probands and their siblings/spouses/offspring. e current study was a Logistic regression was used; assignment of dependent variables: MAP raises more than 5 mmHg in the process of acute salt loading assigned to 1, and MAP raises less than 5 mmHg in the process of acute salt loading assigned to 0. Logistic regression was used; assignment of dependent variables: MAP reduces more than 10 mmHg in the process of diuresis shrinkage assigned to 1, and MAP reduces less than 10 mmHg in the process of diuresis shrinkage assigned to 0.
* P < 0.05; * * P < 0.01. International Journal of Hypertensionpopulation-based study of unrelated participants. Family studies include participants with not only similar environmental risk factors but also similar genetic backgrounds, which may cause different results from population-based studies. Second, the participants in the GenSalt study underwent a chronic salt loading/salt depletion (7-day low-sodium and 7-day high sodium) intervention. In contrast, the participants in the current study underwent acute sodium loading/salt depletion (oral intake of 1000 ml of 0.9% NaCl within 30 minutes and then oral intake furosemide). In the acute sodium loading process, sodium balance was mainly regulated by the distal nephron, with little contribution from the proximal tubule. In contrast, changes in sodium reabsorption have been observed in both the proximal and distal nephrons in the chronic salt loading process [18] . Because different renal mechanisms of sodium balance are involved in the acute and chronic salt loading/salt depletion processes, the blood pressure response and its genetic determinants could also differ between the acute and chronic protocols [19] . In our study, an increased PRS was associated with greater BP changes during the sodium loading process but was not associated with BP changes in diuresis shrinkage. High salt intake activates the renin-angiotensin-aldosterone system (RAAS). It has been demonstrated that the response of angiotensin II receptor type 1 (AGTR1) gene expression may be relevant for the organism to be able to adapt to salt intake [20] . Abnormal renal tubular reclamation of Na + and Cl − contributes to the anomalous BP change during both salt loading and diuresis shrinkage. e impairment of the Na + excretory ability of the kidney reduces the antihypertensive effect of furosemide and the development of salt-sensitive hypertension [21] . WNK lysine-deficient protein kinase 1 (WNK1), an important modulator of salt homeostasis, regulates the balance between renal Na + reabsorption and K + excretion [22] . e different pathophysiological mechanisms in salt loading/ depletion may imply different underlying genetic mechanisms. SNPs in RAAS pathways are related to BP response in salt loading, and other SS-related SNPs are mostly associated with the BP response both in the salt loading and diuresis shrinkage processes.
us, almost all identified SS-related SNPs have been associated with an abnormal BP response in the salt loading process, but few of them have been related to the BP response in the process of diuresis shrinkage. e underlying genetic mechanisms of BP changes due to diuresis shrinkage need to be further investigated.
In our study, 6 SNPs were nominally associated with SS. SNP rs3754777 in STK39 was associated with salt sensitivity in our study. e serine/threonine kinase 39 gene (STK39) was first identified as a hypertension-susceptibility gene by GWAS [23] . Tang et al. [24] replicated the association of rs3754777 of STK39 with essential hypertension in a male Chinese Han population. Yang et al. [25] conducted a meta-analysis in 2016 and found that smoking was a significant modifier of the association between rs3754777 and hypertension (P � 0.017). rs3754777 may increase STK39 expression and consequently alter renal Na(+) excretion [20] . SNP rs2638360 in AGTR1 was significantly associated with salt sensitivity in our study. A study found that rs2638360 was associated with essential hypertension in 692 Chinese Hani and 615 Yi minorities [26] . SNP rs12828016 in WNK1 was also found to be associated with salt sensitivity in our study, and our result is consistent with those from a prior Japanese study [22] . In a family study [27] , this SNP was found to be significantly associated with the MAP response to a high-sodium intervention (P � 0.044) and marginally associated with the MAP response to a low-sodium intervention (P � 0.052).
One of our study's strengths was that 762 hypertensive individuals were recruited to investigate their salt sensitivity. To our knowledge, only the GenSalt study, which aims to identify genetic determinants of salt sensitivity blood pressure, has a larger sample size than ours. However, the GenSalt study focused on genes affecting chronic salt loading, while our study aimed to identify genes associated with BP changes during acute oral saline loading and diuresis shrinkage. e second strength is that the patients in our study were recruited from the community, which may have avoided selection bias to a certain extent. Another strength is that the SNPs included in our study were those previously reported to be associated with salt sensitivity or SSH in the Chinese Han population; thus, the polygenic risk score reflected the genetic background of the Chinese population. Our study also had some limitations. First, we only included genes located on autosomal chromosomes. Some genes, such as the ACE2 gene and AGTR1 gene, both located on the X chromosome, may also contribute to the risk of salt sensitivity. e PRS could not be constructed by simply adding the number of risk alleles if the SNPs were located on the X chromosome because the effects of those SNPs may be different between females and males. A more comprehensive evaluation of genetic risk factors should be conducted in the future. e second limitation is that we did not calculate a weighted PRS. is is because most of the original studies did not report the effect sizes of the SNP effects; therefore, no evident weights were available.
In conclusion, a PRS of 42 SNPs was significantly associated with salt sensitivity and with an increased risk of BP response to acute sodium loading.
Data Availability
In the current research, our dataset includes environmental and genotype data, and all these data were restored in SPSS software. e SPSS data used to support the findings of this study may be requested from the corresponding author, however as the dataset of our research contains genetic information, it requires approval National Human Genetic Resources Administration Office before sharing.
